High-resolution, cell type-specific analysis of gene expression greatly enhances understanding of developmental regulation and responses to environmental stimuli in any multicellular organism. In situ hybridization and reporter gene visualization can to a limited extent be used to this end but for high resolution quantitative RT-PCR or high-throughput transcriptome-wide analysis the isolation of RNA from particular cell types is requisite. Cellular dissociation of tissue expressing a fluorescent protein marker in a specific cell type and subsequent Fluorescence Activated Cell Sorting (FACS) makes it possible to collect sufficient amounts of material for RNA extraction, cDNA synthesis/amplification and microarray analysis.
1. Protoplasts can be derived from many different plant species and tissues provided that the right mix of cell wall digesting enzymes is used 1 .
Before a full-scale experiment is undertaken, a small-scale digestion of the material is advisable in order to evaluate the protoplasting efficiency of the tissue, enzymes, etc. and to estimate the percent positive cells for cell sorting. Here, protoplasts derived from the roots of Arabidopsis thaliana seedlings that cell type-specifically express green fluorescent protein (GFP) are used. The endodermis and quiescent center are marked by PSCR::GFP and the quiescent center by PWOX5::GFP 2,3 ( Figure 1 ). 2. Seedlings are grown hydroponically in phytatrays (Sigma; Figure 2a ) on a nylon filter (250 μm mesh; NITEX) which lets the roots grow through into the growth medium (0.22% w/v Murashige and Skoog Basal Medium [Sigma], 1% w/v sucrose, 0.05% w/v MES [2-(N-morpholino)ethanesulfonic acid], pH 5.7 with KOH). Alternatively, plants can be grown on top of a nylon filter (100 μm mesh) in vertically positioned 1% agar plates (Figure 2b ). 3. The use of the abovementioned filters not only aids in the harvest of the roots, it also facilitates easy additional treatment of the seedlings, if desired. The filters allow the seedlings to be transferred en masse to new phytatrays or agar plates supplemented with a catalyst of interest. For example, the phytatray set up has been used for cell type-specific analysis of the transcriptional response to nitrogen treatment in Arabidopsis seedlings 4 . 4. Ensure microscopically that your fluorescent marker is correctly expressed (especially when using the treatment option, as the cell type-specific markers themselves might be influenced by the treatment). In this case, seedlings are inspected under a fluorescence microscope (Nikon; Figure 1 ). Note that cell type-specific fluorescent marker lines should be characterized initially under a confocal microscope to determine exactly which cell types are marked and determine variability in expression. . This solution will be slightly turbid. 2. Heat the solution to 55°C for 10 minutes (the solution will turn clear) and let it cool down to room temperature before adding 0.1% w/v BSA (bovine serum albumin), 10 mM CaCl2, and 5 mM β-mercaptoethanol.
1. The roots are harvested by scraping them off the nylon mesh with a scalpel and deposited into a flask containing the protoplasting solution.
Generally, 10 ml of protoplasting solution is used per 1,500 seedling roots. 2. Shake the flasks gently (75 rpm) at room temperature for one hour. A longer incubation time may increase the protoplast yield but will also add to the effect of protoplasting itself on gene expression.
1. Turn on and prepare the cell sorter. Here, a FACSAria (BD) is used.
2. Set up a flow stream with a 100 μm nozzle and a 20 psi sheath pressure.
3. The cell density and sample injection speed can be adjusted to the particular experiment based on whether a best possible yield or fastest achievable speed is desired. We have sorted successfully with densities up to 10,000,000 cells/ml. 4. Use the sample agitation option on the FACS to prevent sedimentation of the protoplasts. If clogging of the FACS is an issue, there are three possible troubleshooting steps: 1. Perform a sample-line backflush. 2. Dilute your protoplast suspension to reduce the density. 3. Clean up the protoplast solution by repeating the filtration step (3.3) after centrifugation and resuspension. 5. Prepare the apparatus to measure forward scatter (FSC), side scatter (SSC) and emission at 530/30 nm for GFP and 610/20 nm for red spectrum autofluorescence (RSA) after excitation by a 488 nm laser. These are in essence the only parameters used to isolate GFP-positive protoplasts. Here, the voltage settings were as follows: FSC -60V, SSC 250V, GFP 350V and RSA 335V. Note that the optimal voltage settings will be different for every FACS and will even need to be adjusted throughout the lifetime of the cell sorter. 6. Start by setting up a dotplot for forward scatter versus side scatter. Apply the voltage settings so that the measured events are centered in the plot. 7. Next, create a dot plot of green versus red fluorescence signals. Apply the voltage settings so that the measured events yield a centered diagonal population in the plot when looking at a wild-type (non-GFP) protoplast suspension. A protoplast suspension derived from a GFP marker line will produce a clear population of green fluorescent events never seen in wild-type samples. 8. Set compensation constraints to adjust for spectral overlap between GFP and RSA. Proper compensation constraint settings will allow for better separation of the GFP-positive protoplasts from the non-GFP protoplasts and debris. The constraints used here are as follows: RSA, minus 17.91% GFP. 9. Set up a gate to identify GFP-positive events, a negative control of non-GFP protoplasts should be used to aid in defining the gate boundaries (Figure 4 ). 10. Implement a forward scatter cutoff in order to leave small debris out of the analysis. Visualize the GFP-positive events in the FSC vs. SSC plot to help determine the placement of the cutoff. Here, the cutoff was set at 5,000. Note that the FACS will count debris as sort events and a sample with high levels of debris may have a different percent GFP positive events than expected. This is not necessarily a problem. However, the more debris in the sample, the longer the sort will take. 11. Depending on the experiment and the abundance of the cell type to be analyzed, set the FACS precision mode either for optimal yield or optimal purity of the sorted cells. 12. For RNA extraction, prepare collection tubes (1.5 ml microfuge tubes) with the appropriate amount of RNA extraction buffer. With this setup, 20,000 sorting events will yield a total volume of approximately 100 μl which were sorted in to 350 μl of extraction buffer (RNeasy micro kit, QIAGEN). Mix samples after completion of the sort as cell suspension can pool at the top. 13. Store samples or proceed directly to RNA extraction. Successful microarray analyses have been preformed with the RNA extracted from as little as 500 sorted events. Here, we used an RNeasy micro extraction kit (QIAGEN), the WT-Ovation Pico RNA Amplification System and FL-Ovation cDNA Biotin Module V2 (NuGEN). 
Discussion
Protoplasts can, in principle, be derived from a variety of plant tissues, optimizing favorable conditions will greatly enhance RNA quality and quantity. Both the protoplasting solution and the elective incubation buffer used will influence this aspect.
Many different fluorescent proteins can be used, depending on the capabilities of the FACS used, e.g. GFP, RFP, YFP, CFP or their many variants and derivatives. The expression of the markers could be driven not just by cell type-specific promoters or enhancer traps, as shown here, but also by your favorite promoter, e.g. a hormone responsive synthetic reporter gene 5 . Dual color FACS of plant protoplasts is also feasible. This can, for example, be applied when performing a transient transformation assay using a vector with a fluorescent positive selection marker 5 .
Protoplasts can also be sorted for the analysis of genomic DNA, proteins or metabolites 6 . Keeping protoplasts alive after sorting is challenging due to their fragile nature, using a larger (130 μm) nozzle and lower sheath pressure and sorting them into an optimized incubation buffer will enhance post-sort protoplast viability.
